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I Introduction
\ni)iiiali)us hansSporl p ro p c r lie s  arc ch arac lerL s lic  ic a tu res  ol 
:n \a l \a lc n c c  ( M V )  an d  h e a v y  fe rm io n  ( H P )  c o m p o u n d s  1 1]. 
Hiv c x p c n m c n ia l ic s u lls  o l e le c tr ic a l re s is t iv ity  p i T )  o l m a n y  
iikM't N k -m iio n  system s (e .g . C c A l ,, CeC u^sSi,, CeCu^^, U B c , J  at 
i 'Vt k i iip e ra tu re s  s h o w  a n o m a lo u s  b e h a v io u r  [2 -6 1  p ( 7 )
iMvlease's w  ilh in c reas in g  te m p e ra tu re  in  the very  lo w  tem peratu re  
Jhiii. le a c h in g  a m a x im u m  an d then  decreases s lo w ly  lik e  In T  
" lii'dier ic in p c ra lu rc s .
llic  H a l l  c o n s ta n t  ( T )  a ls o  e x h ib i ts  c h a ra c te r is t ic  
"i''iiKilics w h e n  c o m p a re d  to  th e  H a l l  co n s tan t o t usual m eta ls . 
I'll ll.ill constan t in  h e a v y  fe rm io n  C e  c o m p o u n d s  e.^.  C c A l^ , 
u S i ,, C eC u^, C e R u ^ S i, is m u c h  la rg er than in n o m ia l m etals , 
positive an d  g e n e ra l ly  d ro p s  ra p id ly  at lo w  te m p e ra tu re  
M 1 he m e c h a n is m  fo r  th is  is s k e w  s c a tte rin g , a r is in g  fro m  
spin o rb it c o u p lin g  fo r  th c y -im p u r ity . A  th eo re tica l m o d e l 
shew s c a tte rin g  b y  K o n d o  im p u r it ie s  o f  C e r iu m  w as lirs t
' "ucsiHiiijinj. A uthor
proposed  in the e a r ly  seventies  iy | .  T h is  m o d e l irca ls  the skew  
se a tic rin g  by u s in g  ih e  C o q b lin -S c h r ie f fc r  in te rac tio n  1101 and  
IS v a lid  o n ly  w e ll  ab o ve  the K o n d o  tem p e ra tu re  M o re  
rcc cn lly . C o le m a n , A n d ers o n  and R am akris h n an  111, 12) (C A R )  
have p resen ted  a e a le u la iio n  w h ic h  describes the skew  .scallenng  
by C e r iu m  im p u rit ie s  m  both  lim its  T »  1 \  and 7 ' «  7' ,^ T h e  
s in g le -im p u r ity  m o d e ls  ol F c r l [91 and C A R  [ 1 1, 12| are s tiic tly  
v a lid  o n ly  in the in c o h ere n t re g im e  w h e re  the h e avy  le rm io n  
system s can be p ic tu re d  as a c o lle c tio n  o f  in d ep en d en t re.sonant 
sc a tte rin g  centers . A t  p resen t, there is  no s p ec ific  th eo ry  o f  the  
s k ew  s e a lie r in g  m  the p resence o f  co h eren ce  e ffe c ts . H o w e v e r ,  
som e Ica tu res  o f  the e x p e r im e n ta l resu lts at lo w  tem p eratu res  
can he accounted  fo r  by e x tra p o la tin g  the s in g le -im p u rity  results 
in to  the co h eren t re g im e  111. 12],
In  the rec en t past, the p e rio d ic  A n d e rs o n  m o d e l (P A M )  has 
been w id e ly  accepted  as a m o d e l fo r  u n d e rs tan d in g  th e  baste 
c le c ifo n ic  and m a g n e tic  p ro p e rties  o f  M V  a n d H F  m a te ria ls . In  
fa c t, th ere  is an o v e r la p  o f  5 f  o rb ita l (th e re b y  g iv in g  rise  to  a 
f in ite  f-h a n d  w id th )  in  a c tin id e  m a te ria ls  (1 3 ] . W c  co n s id e r here
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an  e x te n s io n  o f  th e  P A M  by  c o n s id e r in g  f in ite  / - b a n d  w id th .  
R e c e n t ly  an  e x te n s io n  to  th e  A n d e rs o n  m o d e l in  w h ic h  d ire c t  
/ - /  h o p p in g  is in c lu d e d  has b e en  s tu d ie d  b y  m a n y  a u th o rs  
[ 1 4 - 1 7 ] .  T h is  m o d e l has b e e n  s tu d ie d  b y  s e v e ra l a u th o rs  u s in g  
the v a r ia t io n a l m e th o d  [ 18 -2 ( ) | .
W e  d e v e lo p e d  rec en tly , a v a r ia tio n a l m e th o d  [ 2 1 - 2 5 1 to  study  
the g ro u n d  s la te  th e r m o d y n a m ic  p ro p e rtie s  o f  P A M .  W e  u.se 
th is  v a r ia t io n a l m e th o d  h e re  to  s tu d y  th e  P A M  in c lu d in g  f in ite  
/ - b a n d  w id th . In  S e c tio n  2 , w e  g iv e  the  b a s ic  fo r m u la t io n  fo r  
e le c tr ic a l r e s is t iv ity  an d  H a l l  c tn is ia iU . In  S e c tio n  3 , w e  d iscuss  
o u r  resu lts
2. Basic formulation
T h e  o rb ila l ly  n o n d c g c n c ra te  p e rio d ic  A n d e rs o n  m o d e l in c lu d in g  
f in ite  ban d  w id th  o l / -e le c tro n s  is d e s c r ib e d  by the H a m ilto n ia n
ka no
ikcr /rr
w h e re
i k i R  A’ I
( I )
(2 )
H e re , is the /-b a n d  e n e rg y  an d  o th e r  s y m b o ls  h a v e  th e ir  
u s u al m e a n in g s .
f o r  s im p lic ity , w e  a s su m e th a t the fo rm  o f  I h c / b a n d  is the  
sam e as th at o f  the  c o n d u c tio n  b a n d  T h e  / -b a n d  is re p re s e n te d  
by the e x p re s s io n
W
E^ + A | € a ~ y (3 )
w h e re  \ F ) =
k<^ k.
is the  F e rm i sea o f  c o n d u c tio n  e le c tro n s  an d  a re  vai iauon^j 
p a ra m e te rs .
W it h  th is  w a v e  fu n c t io n , th e  v a r ia t io n a l p a ra m e te r  and ihi 
n u m b e r  o f  c o n d u c tio n  a n d /-e le c t r o n s  a t f in ite  tem peratu res an. 
re s p e c tiv e ly , g iv e n  by
A W P ,
( 1- A  E .  ) ~ G ,  P f - ¥ ---------
2 V . p - \   ^ 2■"A /
+  , | |  ( \ - A P ,  ) - £ /  P i + -
w h e re  ^
n ^ \  +  a : „ p -
Z
' ^kn k^cj
A W P ,
+  4 v ;  p ,
w h e re  =  f  ~  p )  ^hc F e rm i fu n c tio n  fo r ihs'
b ra n c h  o f  the  q u a s i-p a r t ic le  s p e c tru m . T h e  e x p re s s io n  1-^  
g iv e n  by
1()\U
^ k a  =  ■;
w h e re  A is a p o s it iv e  c o n s ta n t less th an  u n ity . H e r e ,  W a n d  A W  
are the band w id th s  o f  c o n d u c tio n  b and  am i I-b a n d . re s p e c tiv e ly .  
F u r  A = 0 ,  E^ =  is th e  p o s it io n  o f  th e  / - le v e l .
In  k -s p a c e , A n d e rs o n  H a m il to n ia n  m a y  be w r it te n  as
( l  +  -4A’, ) e * + £ ,  P , ---------^
A W P ,
- J 1  ( l - A P ,  ) € , - £ ,  I + 4 V , - P f
k a  L
kfT l(T
L e t  ) d e n o te  th e  d e n s ity  o f  th e  unp erlu rh c
c o n d u c tio n  b a n d , the  Tota l d e n s ity  o f  the  low crquas
p a rt ic le  s ta tes , N ' ( E f^ ^ )  the  d e n s ity  o f  th e  ( lo w e r  part o l iln 
p e rtu rb e d  c o n d u c tio n  sta tes . T h e n
(4 )
H e re , w e  a re  c o n s id e r in g  s tro n g ly  in te ra c tin g  {i .e.  (J —> o o )  
case. In  th is  ca.se, the p r o b a b il i ty  o f / *  c o n f ig u ra t io n  is v e ry  
s m a l l .  T h e  v a r ia t io n a l  w a v e  f u n c t io n  w h ic h  p r o je c ts  / *  
c o n f ig u ra t io n  o u t. m a y  be w r it te n  as | 21 ].
IV ')  =  n [ '  +  "  ” -<T ^ * a ] l  0  ■
k a
(5 )
N ‘ ( E : „ )  =  N ' ( E - , ) n L  =
n ' ( e ; )
n ' { e ; „ )  =
( d E ; „ / d e , y
IK
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w here
~ ^ k a  + i ^ ~  A P f  )
„  A W P , !  
A P ,  + e ,  P , -------- ---  I
[ e *  ( \ - A P ,  ) - e ,  P , + ( A W P ,  + ^ v l p ^
( 12)
/\ E l e c t r i c a l  r e s i s t i v i t y  :
Wc are  n o t in te re s te d  h e re  in the a b s o lu te  v a lu e  o f  re s is iiv iiy ,  
but o n ly  in  th e  v a r ia t io n  o f  r e s is t iv ity  w ith  te m p e ra tu re . W e  use 
ihe e le c tr ic a l c o n d u c t iv ity  fo n t iu la  g iv e n  b y  M o t t  and  a lso  used  
hv us in R e f .  1 2 3 1
w 'heic j  can  be w r it te n  as
( r ( £ , )  =  a o [ i V ' ( P V a ) f
(13 )
M i h CTn =
i K c - h ^




H Hall constant ,
1 he H a l l  c o n s ta n t ( T)  d u e  to  s k e w  s c a lle r in g  is g iv e n  by the  
( \p r c s s io n
R , i ( T ) ^ c y  x ( T ) p i T ) , (1 6 )
X i T )  =  g a p B  ^ [ / i ^  - n i „ ] (17 )
U-M)
W  =  2 ,0  e V . T h e  to ta l n u m b e r  o f  e le c tro n s  p e r s ite  (n ‘ +  w ') has  
been  ta k e n  to  be 1.5 . T h e  f-b a n d  w id th  \ s A W - 2 A .  V is f ix e d  on  
0 .2 5  e V . W e  h a v e  c a lc u la te d  the te m p e ra tu re  d e p e n d e n c e  o f  
e le c tr ic a l re s is tiv ity  p ( T )  and H a l l  co n stan t fo r  d if fe re n t va lues  
o l p a ra m e te r  A  an d  d if fe re n t  e f fe c t iv e  p o s itio n s  o f  the / - le v e l
■
F ig u re  1(a )  sh ow s the  v a r ia tio n  o f  e le c tr ic a l re s is tiv ity  p { T )  
w ith  te m p e ra tu re  fo r  d if fe re n t  va lu e s  o f  p a ra m e te r  A . ^ / is 
f ix e d  on 0 .0 . In  F ig u re  1(b ) ,  w c  sh o w  the p { T )  fo r  d if fe re n t  
e f ie c t iv e  p o s itio n s  o f / - l e v e l  A  is f ix e d  on 0 ,1 5  and t ' /  = 0 .0 . In  
both  the fig u re s  fo r f in ite  va lu e  o l A , w e  do  not get rap id  increase  
in p { T )  at lo w  tem p era tu re s  and the m a x im a  at lo w  tem p eratu re  
a lso  d is ap p e ars  F u r th e r  as w c  in crease  A,  p ( T )  increases in  
the w h o le  te m p e ra tu re  rang e. In  F ig u re  1 (b ), as the /- le v e l  sh ifts  
d o w n w a rd  w ith  resp ec t to  F e rm i e n e rg y  f  / , p ( T )  increases  
m o re  s h a rp ly  in the lo w  te m p e ra tu re  re g im e . B u t w c  do  not get 
an y  m a x im a  at lo w  te m p e ra tu re . I t  m e an s  the m a x im a  at lo w  
te m p e ra tu re  w h ic h  d is a p p e a rs  on the in tro d u c tio n  o f  f in ite  
/ - b a n d  w id t h  in  th e  A n d e r s o n  H a m i l t o n ia n ,  ca n  n o t be  
re p ro d u c e d  by v a ry in g  ^ f p o s itio n s  d o w n w a rd  w ith  respect 
to f . H o w e v e r , o u r re s is tiv ity  result fo r A =  0  0  and C f =  -0 .6 ,  
-0 .4 , -0.2 are in q u a lita tiv e  ag reem ent w ith  the ex p erim en ta l results 
o f  m a n y  h e a v y  fe r m io n  m a te r ia ls  l ik e  Y b A g C u ^  and  M V  
c o m p o u n d s  lik e  C e P d  J 2 3 ) .
w h e re  ^ (7  ) is th e  n o r m a l iz e d  m a g n e t ic  s u s c e p t ib i l i t y  
T)  =  ^ { T )  /  C  ( C  b e in g  th e  C u r ie  c o n s ta n t) and p ( T )  is 
the e le c tr ic a l re s is t iv ity . T h e  c o e f f ic ie n t  Y takes  on d if fe re n t  
\a l l ie s  7 , an d  a b o v e  an d  b e lo w  K o n d o  te m p e ra tu re  as 
discussed b y  F e r l and  L e v y  | K |. In  th is  w o rk  w e  are  o n ly  lim ite d  
In sim p le  m o d e l ca lc u la tio n s  o\'Rj^ ( T )  o f  H e a v y  F e rm io n  system s. 
H o w e v e r , fo r  Y {i.c\  fo r  7 , an d  7  7 ), w e  la k e  va lu e s  o f  C c A l^  
c o m p o u n d  w h ic h  is a  p ro to ty p e  o f  a c lass  o t H F  m a te r ia ls . F o r  
ih is c o m p o u n d , 7 , = 0 . 0 7 5 / C / T f o r a n d  7 .  =  0 . 0 9 7 A T/Tfor 
/ < ^ . r ^  =  4 0 K [ 8 ] .
In  the p re s e n c e  o f  a s ta tic  m a g n e tic  f ie ld  B , the  f - lc v e l  is
P u t t in g  n j y ' s  f r o m  ( 8 ) ,  o n e  g e ts  th e  e x p r e s s io n  o f  
H is c e p tib ility  fo r  (7 00 [ I7 J  in  u n its  o f
3. R e s u lts  a n d  d is c u s s io n
In th e s e  c a lc u la t io n s ,  w e  h a v e  c o n s id e r e d  t ig h t  b in d in g  
c o n d u c tio n  b a n d  j^  ^=  —c o s k  w i th  c o n d u c tio n  b a n d -w id th
F ig u r r  1. Variiiiion oi electrical resist ivity piT) with tempera ture  with 
light-binding conduction band, V' = 0.2.S, (a) for difl'ereni values of  A and 
(b) for dif ferent effective  posi tions o f  f-lcvel e,
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C o rre s p o n d in g  re s u lts  (o r  the  te m p e ra tu re  d e p e n d e n c e  o f  
th e  H a l l  c o n s ta n t fo r  d if fe re n t  va lu e s  o f  >4 a re  s h o w n  in
F ig u re  2 . F ig u re  2 s h o w s  th e  ty p ic a l b e h a v io u r  in P f / T )  w ith  a 
r a p id  in c re a s e  in  P f f (T )  -  at lo w  te m p e ra tu re , has a m a x im a  at 
te m p e ra tu re  5 0  K  an d  th e n  R f f  T )  d e crea ses  to w a rd s  h ig h e r  
te m p e ra tu re  fo r  a ll v a lu e s  o\  A.  In  a ll cases, P f / T )  re m a in s  
p o s it iv e  in  th e  g iv e n  te m p e ra tu re  ra n g e  w h ic h  is th e  m a in  
c h a ra c te r is tic s  o f  h e a v y  fe rm io n  C e r iu m  c o m p o u n d s  l ik e  C c A l^  
1 8 f
12^ V - 0  25 1 , - 00
600
Figure 2. Hull coiisiaiu j lunctinn ol IcmpcialUK' with light
bimliiig coiKluL'li«)n band, lor (IiHViciH values ol A
S im ila r  b e h a v io u r  o f 7 ) has been  o b s erve d  m  o th e i h e a v y  
le r in io n  c o m p o u n d s  l ik e  CeCu^^. C e R u ,S i , .  U P t ,  c t r  W e  see 
fu r th e r  that as A is in c reas ed  fro m  ().(), P f^ i T) m c ic a s c s  w ith  la n d  
re m a in s  p o s it iv e  W e  d o  n o t see the c h a n g e  o l s ign  at h ig h e r  
te m p e ra tu re s  H o w e v e r , w e  fin d  the s in g u la r  b e h a v io u r  in P f i iT )  
at lo w  te m p e ra U ire  b c lo w ' 5 0 K  fo r  A -  0 .0  w h e re  the m a x im a  in
7’ ) b e co m e s  m o re  sh arp  an d  b e co m e s  m o re  p ro n o u n c e d  w hen  
c o m p a re d  w ith  the m a x im a  fo r  f in ite  .4
W e  cxf>ecl la rg e  a n o m a lo u s  H a ll  co nstan ts  to occur g e n e ra lly  
in the m ix e d  v a le n c e  and h e a v y  fe rm io n  system s w 'hc ic  the a lm o s t  
lo c a lised  f-e le c tro n s  fo rm  n a n o w  q u a s i-p a ilic le  bands, e x tre m e ly  
s e n s itiv e  to  a m a g n e t ic  1‘ie ld . A t  lo w  te m p e ra tu re s , m  v e ry  p u re  
c o m p o u n d s , tru e  h e a v y  b a n d s  w i l l  be lo rm e d . In  th is re g im e , the  
c u rre n t e a rn e d  b y  e a ch  B lo e h  sta te w i l l  h a v e  a s k e w  c o m p o n e n t  
d if le r in g  w id e ly  b e tw e e n  d i f fe r e n t  F e r m i-  s u rfa c e  re g io n s , so 
th a t the re s u lta n t H a l l  c f le c l  can  he d e r iv e d  fro m  a d e ta ile d  hand  
s tru c tu re  an d  tra n s p o rt th e o ry  In  n e a r  lu tu re , w e  p la n  to  ta k e  
in to  a c c o u n t these fa c to rs  an d  c a lc u la te  th e  H a l l  r e s is t iv ity  and  
H a l l  c o n s ta n t at lo w  te m p e ra tu re s .
F r o m  th e  a b o v e  re s u lts  o l p ( 7 ' )  a n d  P^f i T) ,  o n e  c a n
c o n c lu d e  th at b y  in c re a s in g  / -b a n d  w id th  w e  a re  m a k in g  (he 
F e r m i- l iq u id  n a tu re  o f / -c le c t r o n s  m o re  p ro n o u n c e d .
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